Microspheres have excellent sealing performances such as injectivity, bridging-off, deep migration, and deformation performances, but their plugging effects are limited by the fast swelling rate and poor viscoelasticity. In this study, we synthesized a novel modified microsphere with polymerizable surfactant monomers and cationic monomers. We investigated the influence factors on the swelling performance and rheological properties of the microspheres and explored the ways to improve the plugging performance of hydrophobic-associating microspheres. The association behaviors in aqueous media of poly(acrylamide-comethacry loyloxyethyl trimethyl ammonium chloride-co-n-dodecyl poly(etheroxy acrylate) P(AM-DMC-DEA) are proven to be mediated by the DEA content. Moreover, the hydrophobic association interaction has a strong effect on the performance of microspheres such as swelling properties, the rheological performance, and plugging properties. The swelling properties of microsphere studies exhibited the slow swelling rate. The rheological performance measurements showed significant improvements; yield stress, and creep compliance increased rapidly from 404 to 2060 Pa and 3.89 × 10 −4 to 1.41 × 10 −2 1/Pa, respectively, with DEA content in microspheres rising from 0.0% to 0.22%. The plugging properties of microspheres were enhanced by the slow swelling performance and good viscoelasticity.
Introduction
The reservoirs of the Bohai offshore oilfield in China have the characteristics of low bonding strength, high oil viscosity, and severe heterogeneity. Excess water production can easily cause rock structure destruction and form the macroscopic throats or high-permeability channels in these reservoirs, especially near the wellbore [1] [2] [3] . This problem can be solved by deep profile modification to further improve water flooding efficiency. Polymer microspheres overcome the gelation chances reduced of a delayed crosslinking system, due to the shearing, degradation, adsorption, dilution, and gravitational differentiation during underground migration. As one type of "green" water plugging, profile control, and oil displacement, polymer microspheres have the characteristics of plugging a large macrofracture and a small pore passage in the porous medium. These behaviors of selective plugging avoided damage to low-permeability reservoirs. The excellent injection ability of microspheres is due to its low viscosity, discontinuous water, and micro-/nanosize with good matching between pore throats [4, 5] . Polymer microspheres are a type of microgels and swell after absorbing water, giving rise to bridging-off and a sealing effect on the pore throat. And its elastic deformation caused in the pore throat contributes to in-depth fluid diversion when the injection pressure exceeds the breakthrough pressure [6, 7] .
Restricted by the condition in the Bohai offshore oilfields, such as unconsolidated reservoir rock and screen pipe completion and compelling, we present some requirements to the microsphere performance, involving the injection performance and slowly swelling properties. The small particle size avoids oversized or completely expanding microspheres from stemming at the well bottom. The slowly swelling properties prevent artificially high injection pressure from damaging to the formation. Recent researches have been carried out on the profile control mechanism of microspheres [8] [9] [10] . Slow swelling rate of microspheres avoids blocking in the zone close to the wells and increases core injectivity [3, 11] . Deformability of microspheres is conducive to shear resistance and deep migration [12, 13] . Therefore, there is a need for slow swelling rate and good deformability that can overcome blocking near bore and migrate into the deep reservoirs. To improve the mechanical strength of traditional hydrogels, researchers have made efforts to develop chemically modified materials with novel structures, such as topological gels [14] , nanocomposite gel [15] [16] [17] [18] , double network gel [19] , polymer microsphere composite hydrogel [20, 21] , hydrophobic association hydrogel [22, 23] , and tetrapolyethylene glycol hydrogel [24] .
Here, we present a new approach to prepare microspheres with slow swelling rate based on hydrophobic association between macromolecules [25, 26] . N-dodecyl poly(etheroxy) acrylate (DEA; C 12 H 25 (OCH 2 CH 2 ) n OCOCH=CH 2 ) has also been reported as a polymerizable nonionic surfactant. Compared to ordinary hydrophobic association monomers, DEA with surface activity could improve the emulsion stability and solid content [3] . Moreover, it could form bilayer membranes in the presence of a small amount of an ionic surfactant and onion-like multilayer lamellar in water above the Krafft point (50°C) [25] . After polymerization, the periodic structure of poly-DEA bilayer membranes or the onion-like structure is very chronically stable at room temperature. It could be suggested that the structure contributes to swelling rate control and viscoelasticity enhancement, due to the hydrophobic association. And the cationic monomers of methacryloyloxyethyl trimethyl ammonium chloride (DMC) could enhance the adsorption capacity of polymers in the formations through static electricity. In this study, a series of hydrophobic association polymer microspheres were prepared from surface-active monomers of DEA, cationic monomers of DMC, and acrylamide (AM) through the water-in-oil (W/O) emulsion method. The swelling properties, rheological properties, and plugging performance were examined by laser particle characterization, rheometry, and core flooding experiment, respectively. 23 OCOCH=CH 2 ), sodium chloride, urea, ethylenediaminetetraacetic acid disodium, sodium acetate (Tianjing Kemiou Chem. Co. Ltd., China), Tween 60, Span-60 (Tianjing Fuchen Chem. Co. Ltd., China), liquid paraffin, sodium sulfite, N,N ′ -methylene-bis-acrylamide (MBA), ammonium persulfate, (Tianjin Damao Chem. Co. Ltd., China), and methacryloyloxyethyl trimethyl ammonium chloride (DMC, content 65%, Kelamayi Chem. Co. Ltd., China). These materials were of all analytical grade. Brine with the total salinity of 10176.6 mg/L was used here, and its main components are listed in Table 1. 2.2. Preparation of PADD Terpolymers. PADD was the terpolymer synthesized from AM, DMC, and DEA in a polymerization unit with a flask consisting of a thermostatic bath and a turning base provided with a controlled speed. At first, AM, DMC, and DEA were mixed into a 250 mL flask added with distilled water according to the amounts showed in Table 2 . Then, the polymerization system was placed into a water bath and maintained at 45°C for 5 h, after purging with nitrogen. Ammonium persulfate and sodium sulfite were used as redox initiators at concentrations of 0.42 and 0.84 w/w% (monomer mass), respectively. All samples were purified. The polymers were recovered by methanol precipitation, filtration, and oven-drying at 50°C.
Experimental

Preparation of MADD Microspheres.
MADD was the microsphere synthesized from AM, DMC, and DEA by inverse emulsion copolymerization. Typically, 19.25 g of Span 60 and 2.15 g of Tween 60 were dispersed in 120 g of liquid paraffin in a three-necked flask. As showed in Table 3 , AM, DMC, DEA, 0.18 g of MBA, and 0.22 g of ammonium persulfate were dissolved in 55 g of distilled water; the system was dispersed dropwise in the above oil phase under vigorous stirring. After a homogenous solution was formed, the system was added with 0.43 g of sodium sulfite solution (dissolved in 5 g of distilled water) to initiate the polymerization under nitrogen protection and stirring for 5 h at 45°C. The microsphere emulsions as-obtained were diluted twofold with hexane and poured into excessive methanol. The precipitated polymer microspheres were separated by filtration and then repeatedly washed with hexane to remove liquid paraffin and also with acetone to wash off the residual surfactant. After the last washing, the polymer microspheres were vacuumdried at 50°C for 48 h and kept in a desiccator until further use. The polymerization reaction is illustrated in Figure 1 .
Characterizations
(1) The precursors and microspheres were characterized by 13 C nuclear magnetic resonance (NMR) in D 2 O and solid-state 13 C NMR, respectively, using a Brucker Avance III spectrometer (500 Mhz) and a Brucker Avance 400 spectrometer (400 Mhz) at constant temperature (25°C). To prepare the microsphere solution, a certain amount of emulsion and a small amount of Tween 60 were dispersed into 1000 mL of simulated water and mixed well. The DEA solution was dissolved in simulated water.
(3) The particle size and distribution of the microspheres were investigated with a Mastersizer 2000 analyzer (MaErWen Company, UK) based on laser diffraction at constant temperature (25°C) and He-Ne lasers at 630.0 nm. To obtain the original particle size of the microspheres, ethanol was used as the circulating liquid, and 0.5 g of emulsion was dispersed into 1000 mL of ethanol, followed by the addition of a few drops of Tween 60 as the dispersing agent. To measure the average particle diameters after water absorption, 0.5 g of emulsion and a small amount of Tween 60 were dispersed into 1000 mL of simulated water and swollen at 45°C; the swollen microspheres were taken out at regular interval and measured. Shading degree was set between 10% and 20%.
(4) Rheological properties were measured at 25°C with an Anton Paar Physica MCR 301 rheometer equipped with a cone-plate geometer (diameter 35 or 60 mm, angle 1°). The purified polymers were dissolved in the brine to the concentration of 0.20 wt% and then gently stirred for 24 h. All the polymer solutions were perfectly clear and transparent. The apparent viscosity and 1st normal stress difference were measured at various shear rates (Y ≈ 10 −2~1 0 3 s −1 ). Rheological behavior of microspheres was evaluated by the rheometer using a flatbed C60/1 system. The experimental conditions were as follows: (1) stress sweep, a shear stress of 0~600 Pa and frequency of 1 Hz, and (2) creep and recovery, the shear stress suddenly disappeared after constant shear stress 2.5 Pa for 240 s at a frequency of 1 Hz. Creep compliance and recoverable deformation were detected. Creep was measured at 45°C. Unless otherwise mentioned, the samples were heated at a certain temperature for 10 min, and their thickness was about 2.3 mm. The reaction and tests were the same and performed at reservoir temperature 45°C.
(5) The morphology of microspheres was investigated with an ultradepth three-dimensional electron microscope (Kenshi Company, Japan) based on transmission light at constant temperature (25°C) in VHX-1000C model and at magnification between 20x and 5000x. To obtain the morphology of the microspheres, 0.5 g of emulsion was dispersed into 1000 mL of water, followed by the addition of a few drops of Tween 60 as the dispersing agent.
(6) The gel plugging efficiency in porous media was tested using a core flooding instrument. The cores were quartz sand cemented by epoxy resin homogeneously. Their permeability (Kg) was 240 × 10 Ammonium persulfate and sodium sulfite were used as redox initiators at the concentrations of 0.55 and 1.1 w/w% (monomer mass), respectively. N,Nmethylene-bis-acrylamide (0.47 w/w% monomer mass ) was used as a crosslinking agent. Figure 1: Reaction schemes and molecular structures of monomers and hydrophobical copolymer microspheres.
3 International Journal of Polymer Science (height × width × length). The core with the Kg of 240 × 10 −3 μm 2 was added with another pressure measurement point at 15 cm from the inlet. As shown in Figure 2 , microspheres were injected into the core through the "injection side", and then the valve was closed. After placement for 24 h at 45°C, the valves were opened and flooded with water while the pressures were observed and recorded. The specific experimental equipment and process are shown in [27] . The concentration of microspheres was 3000 mg/L, and the injection rate was 0.3 mL/min.
The resistance factor (RF) was determined by the ratio of the pressure drop for microsphere injection to that of the initial water injection as follows:
The residual resistance factor (RRF) was determined by the ratio of the pressure drop for post water injection to that of the initial water injection as follows:
The pressure gradient was defined as the ratio of pressure drop to the injection distance as follows:
(7) Fluorescence spectroscopy was used to observe the change in the amount of the hydrophobic domains of the polymers in the aqueous dispersions. As a fluorescence probe, pyrene was solubilized in ethanol to prepare the pyrene solution with concentration of 1 × 10 −3 mol/L. And 250 μL pyrene solution was added to 50 mL volumetric flask and purged by nitrogen to evaporate off the ethanol. Then, the aqueous polymer dispersion was added to the volumetric flask, achieving a final pyrene concentration of 5 × 10 −6 M. The solutions were sonicated and left overnight at room temperature. The fluorescence spectra of pyrene were measured using a fluorescence spectrophotometer (Hitachi F-7000). λ ex was set to 339 nm for the observation of pyrene emission spectra, and λ em was set at 350-550 nm. The slit widths for emission and excitation were set at 2.5 nm.
Results and Discussion
Properties of PADD.
We prepared the terpolymers with the hydrophobic comonomers using the aqueous solution copolymerization method and investigated how the content of DEA affected the hydrophobic association interaction between molecular chains. The behaviors of linear macromolecules are more likely to be characterized and analyzed than those of the three-dimensional networks. The conclusion of PADD could be used to design the formula of microspheres and explain the interaction of the molecular chain in the three-dimensional networks of the microspheres.
Intrinsic Viscosity of PADD.
Intrinsic viscosity was determined in 1 M NaCl aqueous dilute solution at 30°C using a capillary viscometer (Ubbelohde type), and the intrinsic viscosity was determined as showed in Table 4 . Clearly, the intrinsic viscosities of copolymer increased first and then decreased with the rise of DEA content. PADD-0.22 with the addition of 0.22% DEA had the largest molecular weight. At lower hydrophobe level, the hydrophobic association interaction between dodecyl in DEA formed a physically cross-linked network and increased its hydrodynamic volume, and the long chain of polyethylene glycol units in DEA stretched in water enlarged its hydrodynamic radius with the increase of DEA content. These changes resulted in the larger molecular weight. However, the higher hydrophobe content reduces the lower intrinsic viscosity. It was estimated that the longer hydrophobic block promoted intramolecular hydrophobic interaction between terpolymers [28, 29] , contributing to decrease its hydrodynamic radius and intrinsic viscosity. Moreover, the higher hydrophobe content weakened the free-radical activity during polymerization because the steric hindrance effect of long-chain DEA was enhanced under the condition of higher DEA content [30, 31] . Figure 3 illustrated how the viscosity varied with the shear rate of PADD polymers. As expected, the apparent viscosity of PADD-0 and PADD-0.22 decreased with the increase of shear rate and rose with the concentration of polymer solution; the apparent viscosity of terpolymer rose first and then decreased as a result of the increase in hydrophobic monomer content in the feed. The International Journal of Polymer Science apparent viscosity of polymers increased with the increase of shear rate when DEA content was up to 0.16%. This enhancement of initial viscosity could somewhat be related to intermolecular associations, whereas the other role may result from the variation of molecular weight. This was because the terpolymers with an appropriate DEA content in the main chains formed a stronger intermolecular association and higher physical crosslinking density, which resulted in the flow resistance increase of polymer solution. However, the hydrophobic-associated polymers easily transformed from intramolecular association into intermolecular association (critical association concentration) [27] [28] [29] [30] [31] [32] [33] , owing to the larger DEA content. Moreover, the decrease of molecular weight in PADD-0.28 reduced the entanglement and association of the polymer, due to the significant steric effects of excessive DEA. The behaviors decreased the interactive force between macromolecules and the apparent viscosity of polymer. As shown in Figure 4 , the loss modulus of polymer rose with the increase of angular frequency. The behaviors were similar to the noticeable shear thickening, due to the hydrophobic disassociation interaction and unwrapping interaction between chains with the shear rate. PADD-0.22 had a larger loss modulus than PADD-0 and showed a sharp increase in the loss modulus, with increasing of polymer concentration. The present results indicated that hydrophobic microblock increased the association interaction as the mole concentration of DEA increased, because the loss modulus of polymer rose with the increasing of hydrophobic association density and physical entanglement links between chains. However, the loss modulus of polymer rose first and then decreased with the DEA content in terpolymers. This phenomenon was attributed to the transformation of PADD from intramolecular association into intermolecular association, owing to the larger DEA content. As a result, intermolecular interaction forces were weakened, leading to a decrease in viscidity.
Rheological Properties of PADD.
Fluorescence Studies of the Aqueous Polymer Dispersions.
To estimate the change in the hydrophobic domain in the polymer aqueous solutions, we performed fluorescence studies using pyrene as a fluorescence probe. The changes in the environment of pyrene are usually determined by monitoring the intensity ratio of the first and third vibrational bands, I 1 /I 3 , in the emission spectra of the peak from around 373 nm to 384 nm [34] . As showed in Figure 5 , the intensity ratio of pyrene emission spectra decreased significantly with the increasing polymer concentration. The I 373 /I 384 value for PADD-0 was higher than the value for PADD-0.22 (1.37-0.97). These results were thought to indicate that the amount of hydrophobic domains increased as the DEA content in the copolymer was increased.
Properties of MADD Microspheres.
We attempted to prepare hydrophobic microspheres P(AM-DMC-DEA) by an inverse emulsion polymerization on the basis of the same ion monomer content as PADD and investigated how the nonionic large monomer DEA with surface activity affected the swelling properties, rheological properties, and plugging performance. Figure 7 (c), the typical signal of −(CH 3 ) 3 N + groups appears at 55.61 ppm, the two peaks at 69.09 and 66.22 ppm correspond to the signals of C8 and C9, and the sharp peak at 180.29 ppm is attributed to CONH 2 , which indicates the presence of DMC on MADD-0.0. In Figure 7(d) , the typical signal of CH 2 =CH in the spectra of MADD-0.22 disappears. These characteristic peaks of DMC and DEA, such as 55.50 ppm for −(CH 3 ) 3 N + , 66.08 and 60.48 ppm for −OCH 2 −, and 20.03 ppm for -C 11 H 23 [35] , could be observed in the solid-state 13 C NMR spectrum of MADD-0.22. It is indicated that microspheres were constructed by combining AM, DMC, and DEA by cross-linking with N, N ′ -methylene-bis acrylamide.
3.8. Surface Activity of Microspheres. The surface tensions of the microsphere solution and DEA solution were determined by the suspension method [36] (Figure 8 ). The surface tension of DEA decreased firstly from 54.7 to 45.2 mN/m and then increased to 50.9 mN/m, suggesting DEA had a lower reduction of surface tension. Figure 8 shows that MADD-0.22 has nearly identical surface tension as MADD-0.0, the surface tension of MADD reduced gradually with the microsphere concentration, and the magnitude of decline was small. The reason was that the hydrophobic block of DEA was in a constant state of contraction due to the strong hydrophobic association between the microsphere chains and slightly or hardly migrated to the gas-liquid interface. Thus, MADD-0.22 had low surface activity. Figure 9 . Clearly, the initial particle size increases from 6.36 to 13.43 μm with the rise of DEA concentration. The lower DEA concentration in the microspheres accelerates the swelling and shortens the time to reach swelling equilibrium. MADD-0.0 reached 81.7% equilibrium swelling after one hour of swelling. This behavior was attributed to the long chains of polyethylene glycol units in DEA that increased the hydrodynamic radius of microspheres. The higher DEA concentration in microspheres enlarged the initial particle size. Moreover, surface-active monomer DEA in water formed onion-like double layer vesicles, which persisted after the polymerization [25, 37] . The vesicle structure, hydrophobic association of tail chain alkyl, and the intermolecular hydrogen bonding between ether bond and amide group together caused network contraction and decelerated water diffusion [38] . Although the hydrogen bonding was broken down gradually during the gel swelling, the association action as physical crossing points shortened the chain length between network junctions and restricted the gel swelling [39] [40] [41] . The stronger association action decelerated the gel swelling.
3.10. Rheological Properties of Microspheres. The gels prepared according to different microsphere formulations were examined by measuring the stress sweep behavior. For linear strain, we evaluated the linear region G′, the average unit number of network of cross-linked points (N), and the chain length between cross-linking points L c as follows [42] :
where G ′ is the storage modulus of strong gels at low frequency, N AV is Avogadro constant, R is the universal gas constant, T is the absolute temperature, and ϕ 0 and ϕ are the volume fractions of gel relaxation and swelling, respectively; N AV α 3 is the molar volume of the solvent. The dry gels were assumed to be at the relaxed state; ϕ 0 was 1 for all samples. C ∞ is a characteristic constant of the gel.
As showed in Figure 10 , linear storage modulus, linear loss modulus, and yield stress increase rapidly from 300 to 16500 Pa, 161 to 2850 Pa, and 404 to 2060 Pa, respectively, with DEA content in microspheres rising from 0.0% to 0.22% and then decreased with further addition of DEA. These behaviors are attributed to the effect of intermolecular forces on network structures. On one hand, an appropriate addition of DEA could enhance the hydrophobic association action and physical crosslinking and reduce the chain length between network junctions L c [42] . On the other hand, the hydrogen bond formed between ether bond and amide group in chains and water strengthens the ability of enveloping water, thus improving the system viscosity [43] [44] [45] . However, the viscoelasticity decreases rapidly with further addition of DEA beyond 0.22%. We thought this behavior in reducing viscosity and elasticity of MADD is mainly attributed to the microheterogeneity of the hydrophobic association networks. That is, due to the decrease in polymerization activity affected by excessive DEA in MADD, there are some suspended chains, ring chains, and structure collapse that help to reduce the network homogeneity and viscoelasticity.
The gels prepared according to different microsphere formulations were tested by measuring the creep recovery behavior. For creep recovery, steady-state compliance J t , time-dependent strain (γ), and constant stress (τ) have the following relationship [46] : γ t = J t ⋅ τ. J t is characterized as flexibility of the viscoelastic material. It is suggested that under a given stress, the more easily deformed viscoelasticity would improve the compliance recoverable deformation and elasticity properties. Figure 11 illustrates the curves of creep recovery changing with DEA contents for MADD gels. MADD gels exhibit instantaneous viscoelastic response, while J t rises first (from 3.89 × 10 −4 to 1.41 × 10 −2 1/Pa) and then decreases (from 1.41 × 10 −2 to 1.44 × 10 −3 1/Pa) with the increasing DEA content, and the deformation reverts to the previous motives after the removal of extrinsic incentives (Figure 8 ). The orientation of polymer chains in hydrogel networks has significant consequences for the creep recovery. It is clear that the conformation of polymer chains would be promoted by the increase of DEA content. MADD-0.0 has lower conformation due to the stress concentration in the shorter chains at any instant. With DEA content increasing from 0.0% to 0.22%, the orientation on stretching of polymer chains between cross-linked networks is simplified, and the number of polymer chains that bore stress force also increases. However, too strong hydrophobic association complicates the orientation of polymer chains when DEA content is above 0.22%, thus decreasing the steady-state compliance. Figure 12 and Table 5 . Clearly, the plugging properties of MADD increase first and then decrease with the rise of DEA concentration in the core with the permeability of 1500 × 10 −3 μm 2 . MADD-0.22 has the highest postgel water pressure in the five kinds of microspheres. In Table 5 , in contrast to MADD-0.0, MADD-0.22 has the higher injection agent pressure gradient, the postgel water pressure gradient, resistance factor, and the residual resistance factor in the core with the permeability of 240 × 10 −3 μm 2 . The high plugging efficiency of MADD-0.22 could be attributed to the swelling performance and viscoelasticity of microspheres. MADD microspheres are one type of water absorbent resin and induce good bridge after the water swelling in the formation. The bridging effect of microspheres would force water to flow around and increase the sweep efficiency through the formation of physical blocks in the core [47] . The slow swelling speed contributes to deep migration of MADD microspheres in the pores, which avoid accumulation at the wellhead. The microspheres with large swelling ratio can produce great additional pressure and strengthen their profile control ability in reservoir formation. However, MADD-0.22 has the slower swelling speed and the largest particle size of equilibrium swelling, which is in favor of injecting into the deep reservoir and effective plugging. Moreover, the viscoelasticity of microspheres 9 International Journal of Polymer Science greatly contributes to the migration depth and sweep volume in a larger degree. MADD-0.22 has the largest yield stress and creep conformance, which have contribution to the high shear resistance of microspheres to flushing and passing through the pore by elastic deformation under differential pressure. And the shear resistance increases the dimensional integrity of microspheres, contributing to the generation of the bridge effect in the in-depth pores after deformation recovery.
Conclusions
The hydrophobic association microspheres were prepared by the W/O emulsion method using the surface-active monomer DEA. The microspheres may be good materials for the rate-controlled swelling and swelling ratio. By varying the DEA content, we were able to easily monitor the swelling behavior of the microspheres. A higher DEA content prolonged the swelling rate during injection into the well bottom and reached the swelling equilibrium during migration into the deep reservoir, due to the contraction of the three-dimensional network of hydrophobic association and hydrogen bonding. Moreover, rheological performance was improved due to the increase of physical crosslinking of hydrophobic association chains and chain length between network junctions. The slower swelling rate and improved rheological performance greatly contributed to the plugging properties of microspheres in the pore. Thus, the DEAmodified hydrophobic association microspheres are useful in deep profile control.
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